 Substitutability of natural resources is significant for sustainability monitoring.
Predicted increase of regional water scarcity is a key challenge of the 21 st In the context of increasing scarcity, the question of substitutability, i.e. the ease with which to replace one resource with another, figures prominently in the economic debate of sustainability, which will be discussed in the theoretical context section (Neumayer 2013; Elkins 2002) . Empirical work on the substitutability of water is very scarce regardless of its policy relevance. Measuring the economic value of water is a major challenge, making it seemingly impossible to 'test' its substitutability quantitatively (Drupps 2015 ; Atkinson et al. 2012) . Therefore, this article seeks to shed new light on the matter by using a case study to assess feasible water substitution capacities within the State of California.
California presents an interesting and socially relevant case because it provides "common" wa- Responding to the question, whether we can "supply our way out of scarcity?", this article analyses new water supply capacities from ocean desalination and water recycling to determine whether current water consumption can be sustained (Zetland 2014a, p.11) . This research seeks to answer whether predicted capacities from those two sources can provide sufficient quantities of freshwater by 2035 to substitute for unsustainable groundwater depletion in California?
To provide a theoretical and analytical framework for the case study, section 2 outlines the discussion on the substitutability of natural resources and water. Methodological assumptions are stated in section 3. Section 4 contextualises the case study, compares Californian groundwater depletion with water supply capacities of ocean desalination and water recycling, before introducing the impact of demand-side options and presenting socio-economic cost considerations.
Finally, the discussion assesses the results and highlights the importance of social/institutional capital for water substitutability.
2 Theoretical Context: Water Substitutability
The Substitutability Assumption and Limits to Substitution
Economic thinking about sustainability focuses on accumulating and managing total wealth efficiently to ensure optimal consumption and welfare into the future ( . 3 Economically, substitutability can be measured as the elasticity of substitution, which "captures the ease with which a decline in one input can be compensated by an increase in another, while holding output con- 
Water and Substitutability

Water characteristics and usage types
Hydrologically, water has both renewable and non-renewable resource characteristics. The main renewable water components are river runoff and the groundwater inflow into rivers. Their flow rate determines the limits of water provision and indicates scarcity (Shiklomanov 2000; Perry 2012 ). Abstracting the total amount of water replenished in a watershed each year is termed 'peak renewable water' and severely damaging to ecosystems Wilson and Carpenter 1999) . According to Gleick and Palaniappan (2010) , 'peak ecological water' would be the maximum abstraction which avoids uneconomic ecosystem damages.
Non-renewable resources such as lakes, reservoirs, groundwater aquifers or mountain snowpack are physically limited by their stock, which changes depending on in-and outflows. With recharge rates of up to 1500 years, some of these are "effectively non-renewable" (Gleeson et al., 2010, p.379; Ibid.) . 4 The point of maximum abstraction in spite of greater costs is termed 'Peak non-renewable water' (Gleick and Palaniappan 2010).
Assessing water use and management strategies, it is important to distinguish between consumptive uses, which remove water from the watershed, and non-consumptive usages. The latter allows water to be reused downstream and includes for example domestic consumption, navigation, fisheries and hydro-power (Perry 2012; Gleick and Palaniappan, 2010).
Water Substitutability
It is a common conception that water is essential and does not have any substitutes (Rogers and shifting it from low-value to high-value uses. It does not answer, however, whether existing water consumption patterns can be sustained by augmenting supply from alternative sources, which is one aim of this study and the second type of response.
Gleick and Palaniappan (2010) suggest different stages of water supply production, which increase with scarcity. They illustrate how demand for water from various sources increases incrementally until it reaches a point of "maximum cost-effective extraction of surface and groundwater". When demand moves beyond this point, supply shifts to higher priced technologies like water transfers or desalination to meet demand, ultimately reaching a backstop price for water (Ibid. p.11157). Applying Nordhaus' backstop technology concept to water, the authors point out:
"The ultimate water backstop is still water, from an essentially unlimited source -for example, desalination of ocean water. The amount of water in the oceans that humans can use is limited only by how much we are willing to pay to remove salts and transport it to the point of use, and by the environmental constraints of using it" (Ibid., p.11157).
This example shows that water substitution through another resource (Neumayer's proposition 
Methodology
Research Design
The analysis seeks to operationalise the theoretical concept of resource substitutability by constructing a case study that compares the production capacities of two advanced water supply sources with groundwater depletion, which signifies unsustainable water use. The analysis synthesises the results of three key studies on groundwater storage change in the Central Valley and compares them against current supply predictions within government reports, policy studies and relevant literature on water supply.
To assess the applicability of the substitutability assumption, it is advisable to focus on one specific resource (Sterner and Persson 2008) . Limited substitutability is generally more likely observed at the macro scale as it becomes increasingly difficult to import a resource externally (Drupps 2015; Stern 1997 
Estimating Unsustainable Groundwater Use
To establish a baseline against which to compare the predicted quantity from substitution water sources, the case study first aims to determine the quantity of unsustainable groundwater use.
Groundwater depletion serves as a good proxy for unsustainable water use, not only because of the "widespread depletion" in California, but because its long-term overdraft reduces water availability for future generations and damages dependent aquatic and terrestrial ecosystems Quantitative data from three different studies of the Central Valley (CV) are compiled and summarised in Table 1 
Estimating Water Supply Prospects of Desalination and Water Recycling
Presented capacity projections are based on policy or water supplier studies, plans and project proposals. They represent current socio-political, environmental and economic considerations of feasibility, rather than theoretical and biophysical supply capacities. Aiming for the longest assessment period with sufficient data availability, the analysis looks at supply capacity predictions until 2035.
Desalination is defined as "the removal of salts from water to produce a water of lesser salinity than the source water", with ocean water having a salinity between 3% and 5% that is reduced to below 0.1% (DWR 2014b, p.10-6). Treatment of brackish water of lower salinity is not consid- 
Limitations
The nature of the question and the absence of reliable long-term estimates (50-100 years presumably) for water supply capacities limit the capacity to analyse water supply substitutability to reasonable estimates within limited timeframes (Neumayer 2013 complex surface water rights system is based on timing of appropriation ("first-in-time, first-inright") and neighbourhood to a water body ("riparian right"). Groundwater can be regulated locally or not at all, which complicates cooperative agreements and conjunctive management of both (CWC 2014).
Overdraft has exhibited severe ecosystem damages from loss of streamflow and wetlands in the 
Groundwater Depletion in the Central Valley Aquifer
The long-term USGS hydrologic modelling study calculates an average total storage decrease of Closer analysis of the data shows that temporal variability, depending on climatic conditions such precipitation and drought, strongly affect water tables. 
Supply Capacity of Water Recycling
An estimated 669,000AF of water were reused in California in 2009, mostly in the Central Coast and the Central Valley. Given restrictions in existing public health legislation, none of this water is used for direct potable purposes, but most of it is applied in agricultural or landscape irrigation (SWRCB and DWR 2012; DWR 2014b). The Graph above shows how different combinations of potential water increase compare against a low, medium and high groundwater decline scenario (in MAF/yr). While desalination and water recycling can substitute for a low depletion scenario, the medium and high depletion scenario, show the importance of adding conservation as a demand-side measure to avoid unsustainable water use.
The final two columns highlight the importance of substitutability in demand when included in the analysis. Urban and industrial water conservation measures hold an estimated capacity to decrease overall demand between 1.0 and 3.1MAF/yr by 2030 (DWR 2014b, p.1-9). 15 By including demand-side water reduction, total capacities reach 5.57MAF/yr., underlining California's potential to meet the high depletion baseline.
Estimating the Economic Costs
Estimating the monetary costs of new water supply is relevant to assess the economic and social feasibility under current conditions, but can only be done in brevity, foregoing a comprehensive cost-benefit analysis (CBA).
Cost accounts of for desalinated water are largely inconsistent in their scope. The costs are often specific and highly variable to geographic location, depending on the choice of water intake and composition, desalination technology, infrastructural and permitting costs and energy price variability, and the selected reporting method. Most available cost estimation tools provide few details on how to account for these differences (Reddy and Ghaffour 2007; Ghaffour et al. 2013 ).
Based on two comparative articles Table 3 provides an indication that annualised capital costs account for approximately 40% of total annualised costs. Energy costs for desalination plants make up the largest annual operational cost, but depending on location, their average varies substantially between 19% to over 36% of total annualised costs, as detailed in Table 3 . In com- 100% Total 100% * The cost breakdown is based on a global sample of reverse osmosis plants. **The typical costs assume a reverse osmosis plant with a capacity of 50 million gallons per day; "constant energy costs at $0.07 per kilowatt-hour; membrane life of five years; nominal interest rate of 5 percent; and a depreciation period of twenty-five years" (Cooley and Ajami 2014, p.96). *** These are estimates as no specifc information is provided by the source. Table 3 shows the composition and breakdown of project costs for desalinated water based on two estimates of a typical desalination project, as well as of production costs of groundwater in California. Groundwater costs are divided into pumping and treatment costs and are based on average estimates from the literature.
To determine the economic feasibility, both the costs of alternative supply sources and the costs of not increasing water supply ideally need consideration. A few other relevant alternative supply options such as brackish groundwater desalination and new surface storage are included in Figure 2 , showing unit costs for projected capacities of 0.22MAF/yr and 1.1MAF/yr. Surface water storage and some other options are limited by the availability of surface water for recharge, making them a less reliable future water source (DWR 2014b, p.9-27; USBR 2012).
The most cost-effective option shown is urban water conservation, ranging between $333 and $500/AF. This involves changes in human lifestyle, existing water consumption patterns and associated opportunity costs of not enjoying them anymore. The range of conservation measures involves replacing lawns and gardens with drought-resistant landscape, prohibiting hosing of pavements, assigning water budgets, installing greywater systems, low-flush or composting toilets, rain barrels, bucket showers and hot water recirculation pumps (DWR 2014b; Orbach 2014).
It is important to be aware that "conservation programs could start to run into diminishing returns over the next two decades as the easiest and least costly options for water users are implemented" (Equinox 2010, p.7). The political decision whether to increase supply or to consume 
Influencing and limiting factors
Since the potential production capacity is based on socio-economic considerations of government agencies and water suppliers, the technically and environmentally feasible capacity is likely to be substantially higher than the estimated 2.47MAF/yr. Limiting factors might arise from significant, uneconomical damages to marine ecosystems and energy demand of desalination at larger scales, as well as limits in the quantity of available wastewater which is currently needed The high baseline draws up possible limits in water substitution with current technologies and produced capital capacities, but it does not preclude the ability of future supply capacities to adjust to the challenge and manage water substitution at high levels by using greater produced and human capital, as described by propositions 3 and 4 and by Fenichel and Zhao (2014) in chapter 2. These reservations are underlined by the inability to analyse the role which price signals play in balancing resource consumption in accordance with scarcity, as described by proposition 2 (Neumayer 2013 ). The high potential of demand-side solutions, highlighted in Figure 1 and 4 , urge the debate on substitutability to move beyond produced and human capital to take account of institutional and social capital. Both are key components in increasing systemic efficiency and reducing transaction costs, which can encourage customers to adopt conservation measures and accept the outlined trade-offs more readily.
The Relevance of Institutional and Social Capital for Water Substitutability
Since social/institutional capital can reduce uncertainty and transaction costs (North 1990 ), it arguably represents "total factor productivity", which means that it can enhance the productivity and value of produced, natural, and human capital (Hamilton and These examples underline the great relevance of institutional and social capital in mitigating future water scarcity in California. They can facilitate demand reduction, which suggests that KS/I should receive greater attention in the discussion on the substitutability of natural capital. Investment in social or institutional capital to reduce water consumption can be described in terms of "capital maintenance" i.e. ensuring that renewable natural capital assets can provide services in perpetuity (Helm 2014 ). According to Helm, the consumption of natural capital without ensuring its maintenance gives testimony to excessive usage pattern for which the next generation is bound to pay. New water supply strategies can similarly achieve this, by financing the higher costs of new water to prevent unsustainable groundwater depletion. Turning back to the costs of provision and optimal economic decisions making, conservation appears to be the most sensible option, when unknown social costs of behaviour change are not included.
Conclusion
The results of the case study in California show that water substitutability from analysed supply sources is viable for the low depletion baseline, but limited in case of the medium and not feasible for the high depletion baseline. Assessing economic costs of provision in the face of alternative supply sources, the marginal value of water in agriculture, and opportunities of substitutability in demand via conservation, raises questions of economic efficiency and optimal decisionmaking (Zetland 2014a) . California seems to have crossed a point of "cost-effective surface and groundwater extraction", but the high price of new supply sources limits feasible supply quantities (Gleick and Palaniappan 2010).
Introducing substitutability in demand to the analysis has shown that California is more than capable to meet the high depletion baseline, suggesting full substitutability of groundwater overdraft in California for the analysed timeframe. Although limited to groundwater depletion, this result supports the 'resource optimistic' view and the substitutability assumption of weak sustainability (Neumayer 2013) . Nevertheless, the nature of the substitutability question and its dependence on future capacities to overcome scarcity, limits the temporal applicability of these results. Within the given context, they point to limits in maintaining a 'supply without limits' driven mentality. By including institutional and social capital, the results simultaneously support the substitutability assumption for the presented case study on water in California.
Further research should expand capacities of unsustainable water use and predicted future shortages beyond groundwater to adequately take account of precipitation and snow-level loss, as well as ecological costs of reduced streamflow in the Colorado River. Similarly, a more comprehensive analysis of supply capacities would ideally include the full range of realistic options.
Further case studies on substitutability of water in other locations could help to generate a broader picture about the nature of water substitutability. 
